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ABSTRACT 
Means of hydroelectric power generation today typically require state or federal funding, 
massive construction projects and high head differentials with the use of a dam. With 
thousands of miles of canals and waterways at our disposal, it is necessary to find a cost 
effective way of generating a substantial amount of power from low-head hydroelectric 
power sources.  
 
This senior project details research on low-head hydroelectric power generation, along 
with the design, construction and evaluation of a twisted Savonius hydroelectric turbine. 
Sizing optimizations for a twisted Savonius turbine were performed, and the 
hydroelectric power generation unit was constructed, including a housing for placement 
in a flume. This turbine was tested at varying flow rates and head differentials and the 
theoretical power outputs were calculated. 
 
The turbine performed well under low flows and very low head applications, providing 
nearly 700W of power from approximately one foot of head loss. This design for a low-
head hydroelectric turbine could easily be used in a canal or waterway for commercial 
farming, residential or for pumping plant applications.  
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INTRODUCTION 
 
In places such as California, electricity is in high demand across the state and depending 
on the usage; it comes at a high price. The potential for hydroelectric power generation is 
well known, but in the past has only been implemented on large-scale dams and 
reservoirs, and only at the state or federal level. Irrigation districts throughout California 
have extremely high power usage requirements for their pumping plants, and most buy 
their power directly from electric companies.  
 
With thousands of miles of canals and waterways at their disposal, it is necessary to come 
up with a method of generating their own power from these waterways, which would 
result in lower annual costs for the districts and lower costs of water for the farmers. This 
has not been implemented on many waterways at all, since most hydroelectric turbines 
only work in areas with high pressure, such as dams.  A means of generating a substantial 
amount of electricity from low-pressure canals and waterways would significantly impact 
society for the better.  
 
The objective of this senior project is to design and construct a water turbine that is 
capable of producing a reasonable amount of electricity running off a typical irrigation 
canal. This water turbine design will be fabricated and then tested in the Water Resources 
Facility on the California Polytechnic State University in San Luis Obispo and the results 
will analyzed to determine the feasibility of using such a design.  
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LITERATURE REVIEW 
 
Energy Properties of a Fluid  
 
The conversion of kinetic energy into mechanical energy is one that has been around for 
thousands of years. From waterwheels in the first century BC to hydroelectric turbines 
today, the idea remains the same, while the technology has become more complex. The 
basic principle is that the energy in flowing water can be reconstituted into forms of 
energy that are more suited to human needs. To understand how to generate electricity 
from water, it is important to first know how much energy the water has to begin with. In 
any fluid system, energy is conserved according to Bernoullis equation. 
 
The energy in a fluid is calculated with Bernoulli’s equation as follows: 
 ⁄

  	
 ⁄   ⁄ 
 

  	
               (1) 
where 
    
   !"!  
#  $!%  
 
Bernoullis equation states that energy is conserved in any moving water system and is a 
function of velocity, elevation, pressure and friction. In the case of all hydroelectric 
turbines today, diminishing the velocity and/or pressure of the water causes the 
mechanical rotation of the turbine.  
 
Mechanical to Electrical Energy Conversion 
 
A basic electrical generator consists of two parts, the stator and the rotor as seen in figure 
1. The stator is the stationary part of the generator, consisting of multiple sets of a looped 
metal conductor. The rotor is the rotational part of the generator, which is being rotated 
by the turbine itself, and is attached to magnets. 
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directed on only one blade of the runner, causing rotation (USDE, 2011). A common 
impulse turbine shape is the Pelton wheel, shown in figure 2.  
 
 
 
 
Figure 2. Pelton wheel schematic displaying the “cups” on the wheel along with the high-
pressure water jet (Shannon, 1997). 
 
Impulse turbines are extremely efficient at capturing the energy from water, with some 
sources quoting as high as 90%. However, the impulse turbines are generally suited for 
locations with low flow rates and pressures in the 500 to 2000 ft. of head range (Kay, 
1998). 
 
Axial Flow Turbine. Commonly referred to as propeller turbines, axial flow turbines 
consist of angled blades faced perpendicular to the flow of water. The angle of the blades 
determines the rotor speed and torque.  The common axial flow turbine type is the Kaplan 
turbine shown in figure 3.  
 
Figure 3. Kaplan turbine. Water flowing into the blades perpe
angles blades rotating the shaft (
These turbines have a fairly high
angles to work over a wide range of operating conditions. However, the Kaplan turbine 
operates ideally at pressure ranges le
1998). 
 
Reaction Turbine. This turbine design operates similarly t
reverse. Typically, the water flows through a pump to the inlet of a spherical casing, 
where vanes on a runner lie with the water outlet in the center of the runner. Water is 
forced to turn the runner before exiting throu
turbine type is a Francis turbine as shown in figure 4. 
 
 
 
 
 
ndicularly hit all of the 
Ryazanov, 2012). 
 
 efficiency and the ability to be produced at various 
ss than 100 feet of head and is unidirectional. (Kay, 
o a centrifugal pump in 
gh the middle. The most common r
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eaction 
Figure 4. Francis Turbine. The water is forced to spin the blades as it travels the spherical 
path around the outlet (Choi et al., 2013)
Reaction turbines generally have high efficiencies
range of 50-500 feet of head (Kay, 1998).
 
Cross-Flow Turbine. This turbine design varies from the others in that the water flows 
across the blades on the rotor rather than through them. These are advantageous in that 
they can be used in “free flow” situations along with directed flow situations. “Free flow” 
is defined as the turbine being directly in the flow of water, without the use of nozzles, 
jets or pipes. A common example for a cross
in figure 5.  
 
Figure 5. Savonius Turbine. This “S” shaped d
in a variety of flow conditions (
 
 
 
 
 
 and operate best under pressures in the 
 
-flow device is the Savonius turbine shown 
 
 
esign provides high torque and can be used 
Ménart et al., 2001). 
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The Savonius turbine is also advantageous since it can produce high torque in very low 
head circumstances; however, the turbine has a high surface area, causing it to be less 
efficient than other turbine designs in hydrokinetic energy conversion.   
 
Generator Selection 
 
To maximize power output of the turbine, the appropriate generator must be used. For the 
purposes of this project, an electric motor will be used as a generator with special 
accommodations being made. The first specification is that the motor is recommended to 
be a DC electric motor. A water turbine providing a constant source of power is most 
properly used with a DC application. A DC motor can be easily converted to alternating 
current (AC) by utilizing an inverter. The second requirement is that the DC electric 
motor must have brushes. Some DC motors are made without any physical contact 
between the rotor and the stator, with the rotation of the rotor being made by 
electromagnets. While operating a motor in reverse however, physical contacts in the 
form of conductive brushes must attach the rotor to the stator. The third requirement is 
that there must be a permanent magnet in the DC electric motor. Since electromagnet 
brushless motors will not work for this application, the motor must have a permanent 
magnet inside of it to cause the magnetic field generating a flux (Hawkins, 1917).  
 
It should be noted that an alternating current motor could also work as a generator in 
certain applications. The three types of alternating current devices that can be used as a 
generator include single-phase AC motors, three phase AC motors, and alternators. 
Single-phase AC motors can generate AC power directly from mechanical rotation of the 
shaft; however the power produced is not as high as it would be in a DC generator 
application.  A three-phase AC motor can also work as a generator; however two phases 
would need to be connected by a capacitor in order for this to produce power. An 
alternator is also a good method of producing AC power from mechanical motion, and is 
typically used in newer motor vehicles today; however these devices require some power 
to get started. A hydroelectric turbine with an alternator would also require a battery 
backup to start the alternator and is not ideal in a low head hydroelectric turbine situation.  
 
The correct brushed permanent magnet DC electric motor will be selected once an 
assumed power output of the turbine is calculated. Through experimentation, calculation 
and flow analysis, an approximate power output can be calculated. The permanent 
magnet DC electric motor will be selected based on this power output then the nominal 
rotational speed of that motor will be matched to the turbine through use of gear ratios.  
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Canal Selection 
 
To select a proper canal for implementation of a low head turbine, it is important to take 
into account the velocity of the water in the canal. The power output of the turbine is 
highly dependent on the velocity of the water, as seen in equation 3. 
 
The power output of a turbine in water is calculated as follows: 
 
  4. 6 7 8 7 9: 7 ;                                                                       (3) 
                                             
where 
   <! =>? 
   @. A   B%   !!.1% 
C  D< C!1  "!E% . 
 
For a canal to have high velocities, a concrete lining must be in place. A concrete lining 
is the most common canal lining that can handle velocities of over 2 meters per second 
(Thandaveswara, 2013). For the tests, a value of 2 meters per second will be assumed, 
corresponding to a concrete lined canal on a slope or containing a flume. 
 
Low Head Turbines in Use 
 
Although the idea for a low head turbine in a canal is not widespread, a few companies 
have tried to implement them. In Canada, Coastal Hydropower has implemented a 
Kaplan turbine in a canal flume. Their turbine operates in an existing canal at less than 5 
feet of head (Coastal Hydropower, 2007).  
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Figure 6. Kaplan Turbine in use in canal flume. Manufactured by Coastal Hydropower 
Inc (Coastal Hydropower, 2007). 
 
Another company experimenting with the idea of low head hydropower is Hydrovolts in 
Seattle, WA. They have implemented a cross-flow Savonius turbine into the Roza Canal 
in southern Washington (Hydrovolts, 2012). This concrete lined canal operates at a 
maximum velocity of around 6.5 feet per second, and with a 14 x 8 ft turbine, they were 
able to generate a power of about 7kW when fully submerged. Their cross-flow Savonius 
turbine is ideal for a canal situation with very low head and Hydrovolts is managing to 
generate a significant amount of power out of the hydrokinetic energy in the canal flow.  
 
Feasibility Study 
 
Low head canal hydropower is truly only beneficial if the agricultural industry can profit 
off of its use. The energy needs for California’s agricultural sector were detailed in a 
study by the Irrigation Training and Resource Center at California Polytechnic State 
University in San Luis Obispo. They concluded that irrigation district surface and 
groundwater pumping, on-farm groundwater and booster pumping along with water 
conveyance to irrigation districts make up about 2800 GWh/year (Burt et al., 2003). This 
massive energy requirement could be offset by the use of low head turbines installed in 
the canals. The California Aqueduct, Delta Mendota Canal, Friant-Kern Canal, Madera 
Canal and Colorado River Aqueduct alone make up about 1250 miles of canal throughout 
California. (UC Davis, 2009). If each canal was installed with an average of ten low head 
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hydroelectric turbines per mile, each one producing an estimated value of 7kW, the total 
power produced comes out to about 750 GWh/year which is about 25% of California’s 
total agricultural energy requirement, totaling about $83 million a year in revenue.   
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PROCEDURES AND METHODS 
 
Design Procedure 
 
The design for this project was based off of low head turbine research nationwide, along 
with reasonable assumptions to maximize power output in a low-head scenario. The 
design also took into consideration constraints provided by our testing facilities.  
 
Based on the research conducted, the cross flow turbine design fit best for a low head 
scenario. Of the various types of cross-flow turbines, the Savonius turbine was selected.  
Constraints 
 
All testing was performed at the Water Resources Facility on the campus of Cal Poly San 
Luis Obispo. There were two options for testing the hydroelectric turbine in a low-head 
scenario. The options were either a 3’ x 3’ testing canal or a 4’ x 4’ testing flume. The 
larger flume was chosen to simulate a more realistic scenario and to maximize the flow 
through the turbine. The constraints on the turbine are as follows: 
 
1. The flume is 48” wide and 48” deep. 
2. Two 3” flanges protrude from both walls of the flume for securing a testing 
device. 
3. Turbine must connect to flanges using four 3/4” bolts. 
4. The flume has a maximum flow of 30 CFS. 
5. The turbine must be built with less than $500. 
 
With this information, the maximum velocity of the flume was calculated to be 
approximately 1.9 fps. Also, the entire structure cannot exceed 48” in width or height, 
and the turbine and housing materials and sizing must fit in a $500 budget. 
 
Simple Savonius Turbine 
 
The first design for the cross flow turbine was the simple Savonius turbine as seen in 
figure 7. This design was intended to perform well under low-head conditions, but had 
some drawbacks as well. 
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Figure 7. Simple Savonius Turbine Design 
 
Advantages.  This design has a few advantages for low-head situations. In a low head 
situation such as a canal, the velocity of the water will be minimal, providing slow 
rotational velocity of the turbine shaft. To maximize power output, the torque must be 
high to make up for the low water velocities. This dual bucket design allows for a very 
high surface area for water contact, increasing the force transmitted through water 
pressure and velocity head. This increase in torque on the shaft is necessary for a low-
head turbine to work. 
 
Disadvantages.  This design may benefit the torque on a shaft significantly in a canal 
flow, but it seems to be detrimental to the rotational velocity. The large surface area of 
the outside of the opposite bucket will significantly slow down the turbines rotational 
velocity. The simple Savonius design could be improved significantly to maximize the 
torque and rotational speed of the shaft. Also, the volume of water entering the turbine 
will vary depending on the degree of rotation.  
 
Offset Savonius Turbine 
 
The second design took the best parts of the simplified Savonius turbine and incorporated 
them into a new design, as seen in figure 8. This enhanced design divided the simple 
Savonius turbine into seven parts, each offset from the prior section by 30 degrees. This 
was intended to keep torque at a maximum by capturing the same amount of flow, while 
not having one solid surface area to slow down rotational velocity.  
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Figure 8. Offset Savonius Turbine Design. 
 
Advantages.  This design has more advantages than the simplified design in that despite 
the degree of rotation of the turbine, it will always have a constant volume of water 
entering it. This should encourage a higher rotational speed given a constant volumetric 
flow rate and still provide the increased torque due to the deep-bucket design.  
 
Disadvantages.  As water enters an individual section, it may tend to follow the rounded 
path of the bucket and reverse flow direction, causing flow problems. Also the 
irregularity of the shape of the turbine may cause turbulence in the water.  
 
Twisted Savonius Turbine 
 
After evaluating the previous offset Savonius turbine design, it was decided that the 
individual offset sections could be improved upon significantly. Using only one solid 
shape and following the natural curvature shown in the offset design, an optimum cross 
flow turbine would be developed. The twisted Savonius turbine design is shown in figure 
9.  
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Figure 9. Twisted Savonius Turbine Design. 
 
Advantages. The twisted Savonius turbine design combines the benefits of both the 
simplified and the offset Savonius turbine and minimizes the disadvantages of the two. 
Not only will this turbine provide a maximum torque output due to the curved bucket 
shape, but it will also minimize any decrease in rotational velocity by allowing a constant 
volume of water in at all degrees of rotation. The buckets are not attached at the tips of 
the semicircle, but are overlapped a set amount to allow any water following the natural 
curvature of the bucketed shape to flow into the opposite side of the turbine, possibly 
increasing rotational velocity as well.  
 
Disadvantages. The disadvantage to this design is that it is a very complex shape, 
meaning it will have a very difficult construction. For this to be built perfectly, it will 
need to be die casted, which is both expensive and out of the scope of this project. The 
complexity of the shape also makes it very difficult to perform calculations on, meaning 
many assumptions will have to be taken during the construction. 
 
Optimization 
 
Given the constraints of this project, the twisted Savonius turbine design was unable to 
exceed 48” x 48”. This provided a good starting point, however, a turbine 48” wide by 
48” in diameter was not only unreasonable, but was not the most efficient method of 
capturing power from a canal with a set flow rate. Optimization iterations need to be 
performed to determine the correct width to diameter ratio and the correct overlap 
between turbine sides needed to be determined.  
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To optimize the power output of the turbine, optimization iterations were conducted on a 
model twisted Savonius turbine using Solidworks Flow Simulation CFD analyses. The 
simulations did not work correctly, as the flow was not being modeled correctly through 
the overlap. Instead, research was conducted on other projects in which CFD analyses 
were performed on Savonius style turbines to determine optimal overlap ratios. Gupta et 
al. conducted similar research on a simple Savonius style turbine in a wind tunnel and 
determined the correct overlap amount to be 16.2% (Das et al., 2012). This value was not 
determined in a water setting; however, the flow characteristics in regard to optimal 
overlap should be approximately the same. The figure below shows the velocity contour 
of the fluid through a simple Savonius turbine cross section at 16.2% overlap.  
 
 
 
 
Figure 10. Velocity contour of fluid at 16.2% overlap (Das et al., 2012). 
 
After the optimal overlap percentage was determined, optimization iterations were 
performed with a constant turbine length of 36". The tabulated data is found in appendix 
A. This data collected provided useful knowledge about sizing, as seen in the graph 
below. Turbines with a size ratio of under 0.5 and over 1.7 seemed to have very poor 
performance in the CFD tests. The optimum power output seemed to come within the 
ratio range of 0.5 to 1.7.  
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Figure 11. Graph of tabulated data for optimal sizing. 
The data collected from the CFD analysis for optimum sizing utilized a fixed velocity of 
water for standardized results. Although the fluid velocity in the flume is constant, having 
control over the size of the housing can increase the velocity of the fluid passing through 
the turbine. With a given size and volumetric flow rate of the water in the flume, the 
velocity of the water was calculated to be 1.875 fps, utilizing equation 4. 
 
The velocity of water in a flume is calculated as follows: 
 
F  ;                                                                       (4) 
                                             
where 
G  $< H1 +
8
  
   I J 
C  C!1  
 
After determining the initial velocity of the water flowing in the flume, the velocity can 
be increased in accordance with equation 5.  
 
The final velocity of a fluid due to a difference in area is calculated as follows: 
 
  K;K;                                                                        (5) 
                                             
where 
   I J 
C  C!1  
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Given that the CFD optimization iterations were performed at a standard 5 fps velocity 
while supplying reasonable theoretical power outputs, it was decided to decrease the 
cross sectional area of the flume down enough to increase the velocity of the water to 5 
fps. To accomplish this in accordance with equation 5 above, the area of the turbine 
would need to be 6 sq. ft. meaning a 2 ft. diameter turbine with a 3 ft. length. This 
selection allowed for a size ratio of approximately 0.7, which was within the range of 
optimum sizes for maximum power.  
 
Initial Design 
 
Housing. The turbine housing was designed to fit in a 4’ x 4’ square flume and narrow 
the flow down to 2’ x 3’. The housing also was required to provide adequate support for 
the turbine to rotate in and support the electrical generator. To meet these criteria, a rough 
sheet metal assembly was constructed in Solidworks, to get a general idea of what needed 
to be constructed and how much material was required for construction. The initial 
housing is shown in figure 12.  
 
 
 
Figure 12. Initial housing design for twisted Savonius turbine. 
This design includes a narrowing device from 4’ x 4’ to 3’ x 2’ along with a symmetrical 
body for ease of build. Two 3” flanges are located on both sides of the housing inlet with 
four ¾” holes drilled for attachment to the flume. A large gear of undetermined size was 
placed on the outside of the housing where the turbine shaft will be located, and this gear 
was in line with a DC electrical motor of undetermined power output on top of the 
housing.  
 
Turbine. The twisted Savonius turbine located inside the housing needed additional 
thought in the design to be able to be built. The complex twist in the turbine could not be 
made in one solid piece of sheet metal. In order for the turbine to be made from sheet 
metal, it needed to be separated into eight separate parts and formed together. Each twist 
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could be made utilizing three identical shapes and the top and bottom needed to be 
designed separately. The flattened out shape of one section of the turbine is seen in figure 
13 below.  
 
 
Figure 13. One section of the turbine design for ease of construction with sheet metal. 
Each shape shown above would be able to be bent into the correct curvature and 
connected to the matching section above it to form the total twist of the turbine. After 
each twist was made, they would need to be placed into the correct position to allow for 
the top and bottom to attach and hold the turbine together. The shape of the top and 
bottom of the turbine are shown in the following figure.  
 
 
Figure 14. Shape of top and bottom plate for turbine design. 
 
Materials. The materials for this project were selected under size, budget and stress 
constraints. A finite element analysis (FEA) was performed on a model of the housing 
unit, beginning with a material thickness of 10-gage hot rolled sheet metal and decreasing 
the size of the sheet metal until the allowable stress was reached. The finite element 
analysis was performed under the assumption that the flume will be completely full of 
water moving at 5 fps. This assumption caused a pressure inside the housing to include 
the dynamic pressure according to the Bernoulli equation of 0.248 psi and a linear non-
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uniform pressure of 0.415 psi per foot of depth under the water. The finite element 
analysis is seen in figure 15 below. 
 
 
 
 
Figure 15. Finite element analysis for turbine housing. 
 
Multiple iterations were performed to determine the correct thickness of sheet metal to 
select for this project. The smallest possible thickness while still being under the 
allowable stress of the sheet metal was found to be 12-gage steel. For these analyses and 
all other stress analyses in this report, a yield stress of 36000 psi was used for the steel 
(AISC, 2011). The stress values for each iteration are detailed in the table below.  
 
Table 1. Housing stress analyses for material selection. 
 
 
Allowable  Stress
21.6
Steel Gauge Thickness (in) Max Stress (ksi)
10 0.1345 12.185
11 0.1196 13.698
12 0.1046 19.436
13 0.0897 24.675
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To decide how many sheets of 12-gage steel to purchase, the housing and the turbine 
design were flattened and nested onto 4’ x 8’ sheets. Every component managed to fit 
onto three 4’ x 8’ sheets, which fits well under the budget constraint for this project. 
Three 4’ x 8’ sheets of 12-gage steel were purchased for the construction of this project. 
The nesting of the sheet metal for material selection is seen in figure 16 below.  
 
 
 
Figure 16. Material nesting onto sheet metal for material quantity selection. 
 
Revised Design 
 
The initial design was a basis for material selection and provided a good idea of the scope 
of the project. This design needed to be expanded and complete to be able to fully 
construct.  
 
Turbine. The initial turbine design was idealistic and did not take into account the 
realistic factors of bending and stretching of material. The curved shape in the manner it 
was designed would not be able to fully complete a 180-degree revolution as specified 
without stretching the material, which would not be feasible with the resources provided. 
The actual shape the turbine would make when piecing together three separate sections as 
planned for is as follows in figure 17.  
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Figure 17. Actual shape of twisted Savonius turbine with given sections. 
 
For this to be corrected, the same sections were designed, but additional filler sheet metal 
must be added. This addition brought the overall height of the turbine to 42.5” instead of   
36”.  
 
To help handle the torque on the turbine, and prevent warping due to the thin gauge of the 
material, a 1” solid steel shaft was added throughout the turbine. This shaft also required 
a ¼” keyway on one end to secure the sprockets into place to turn the shaft of the 
generator.  
 
Housing. To account for the additional height of the turbine, the housing needed to be 
expanded and redesigned. The expansion not only changed the dimensions of the 
narrowing device, but also caused the project to exceed three sheets of steel. To remain 
under budget and not have to purchase another sheet, the housing was decided to be 
asymmetrical, and shortened, as seen in figure 18.  
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Figure 18. Revised housing design. 
As seen above, the symmetry of the design was removed and the flow outlet was changed 
to a flat face with 90-degree angles. This design fits within three sheets of steel and does 
not significantly change any characteristics regarding the performance of the turbine. In 
addition to changing the shape of the housing, legs were added to allow it to be free 
standing without putting much force at all on the narrowing channel of the housing. The 
side of the housing included a 1” hole in the center of the wall to hold the turbine shaft, 
along with four ½” holes to allow bearings to secure to. 
 
Given the current size of the turbine, the shaft needed to be increased to 47.5” to account 
for wall space, bearing width and sprocket width. Given that the side of the turbine 
holding the sprocket needs more room than the opposite side, the turbine could no longer 
remain symmetrical along the vertical axis facing the direction of flow. This is illustrated 
in figure 19.  
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Flume Cross Section
4'
4'
Turbine Cross Section
Bearing (x2)
Shaft Extension for Sprocket
43.75" 1.53"2.72"
 
Figure 19. Illustration detailing the asymmetry of the housing in regards to the flume 
cross section. 
 
As seen in the above illustration, the turbine housing was offset from the wall 1.53” on 
the right side, and 2.72” on the left side. To properly connect to the 3” flanges on the 
flume wall, the narrowing channel in the housing was required to not only be 
asymmetrical, but also protrude inwards .28” from the left, and 1.47” from the right side. 
The drawings of each individual section of the narrowing channel are detailed in figure 
20 below.  
 
 
Figure 20. Details of the wall sizes for the narrowing channel in the housing. 
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The initial design featured a solid sheet metal housing from the inlet to the outlet. This 
was not reasonable, as there was no access point. One wall of the turbine housing needed 
to be removable in order to install the turbine in the correct placement and for any 
maintenance issues that may arise. For this reason one side wall of the housing was made 
to be removal, connected to the main housing by six - ½” bolts. This feature is seen in the 
following figure.  
 
 
 
Figure 21. Turbine Housing featuring removal side wall. 
Bearing Selection. To secure the turbine shaft into place and allow for ease of 
movement, the proper bearings needed to be selected. The bearings needed to have a 1” 
bore diameter, be capable of supporting at least 300 lbs. each, as determined through 
various finite element analyses, be properly sealed, and be able to be used underwater. 
The bearings selected for this design are nickel-plated cast iron steel ball bearings on a 
square flange for ease of mounting to the side wall. This bearing could be used for wash-
down applications and has a 1” bore diameter for the shaft. The following figure shows 
the proper bearing that was selected.  
 
 
Figure 22. 
Generator selection. A 1-2 HP permanent magnet DC motor wa
a generator for this turbine unit. None could be found to be used in the BioResource and 
Agricultural Engineering Department on Cal Poly’s campus. Various DC motors were 
selected online to be purchased, such as the permanent magnet
the figure below. This motor to be used as a generator was one of the least expensive that 
could be found, however, it was priced at approximately $560. With the total cost of the 
hydroelectric unit approaching $400, and the maximum
purchasing a permanent magnet motor to be used as a generator was not feasible. 
 
Figure 
 
 
 
 
Nickel-plated cast iron steel ball bearing. 
s required to be used as 
 1 HP DC motor shown in 
 cost allowed being $500, 
 
 
23. Permanent magnet DC motor. 
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Available generators in our department that can be used without any additional costs are 
either an AC alternator from a vehicle, a DC generator from an old tractor, or a single 
phase 0.5 HP AC induction motor. These possible generator types will need to be tested 
to determine feasibility for use in this project.  
 
Construction Procedure 
 
Construction of this project was performed in machine shop 6 and 7 in the Bioresource 
and Agricultural Engineering Department on Cal Poly’s Campus.  
 
Turbine. One 4’ x 8’ sheet of 12-gage hot rolled steel was placed on the CNC plasma 
cutter in shop 6. The six curved turbine sections, as seen above in figure 13 along with 
the top and bottom turbine cap seen above in figure 14 were nested on a 4’ x 8’ sheet on 
AutoCAD, and then exported as a .dxf file for the CNC plasma cutter to read. The parts 
could then be cut out to exact specifications. The sections while being cut out with the 
plasma cutter are seen in the figure below.  
 
 
 
 
 
 
Following the 
individual sections being cut out, they were then bended to a 13.9” diameter half circle. 
This was performed on a roller-bending machine in shop 7. The only requirement for the 
end result was that the top and bottom of the curved half cylinder were to be completely 
level to allow the sections to be welded together. Following the sections being bent into 
the correct shape, it was necessary to then clamp them together for welding. The clamped 
sections are seen in the following figure.  
 
Figure 24. Turbine sections being cut out with CNC plasma 
cutter. 
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Figure 24. Clamped sections of the turbine for welding. 
Once the sections were clamped together in place, completing the near 180-degree 
rotation, they were MIG welded together. As stated in the turbine design section above, 
the three sections could not complete the full twist of the turbine without thinning of the 
material; therefore a large gap existed at the top and bottom of each twist. To correct this, 
each half of the turbine needed to be tilted along the turbines main axis and set into its 
proper placement via the use of two angle iron sections 42.5” long to guide the turbine 
into proper placement. The angle iron welded into place to guide the turbine’s placement 
is seen in the figure below.  
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Figure 25. Angle iron in place on bottom turbine cap to guide turbine sections into place. 
 
It was at this time that the main shaft was to be added through the turbine and 
reinforcement added to relieve torsion on the top and bottom turbine plates. Two 3.75” 
diameter circles were cut out of ½” steel to provide the reinforcement. This was done 
utilizing a hole saw on a drill press as seen in the figure below.  
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Figure 26. Circular reinforcement plates being cut out of 1/2" steel for torsional 
reinforcement. 
These circular reinforcement plates were then welded to the top and bottom turbine caps, 
and a 1.0625” diameter hole was drilled through the center to allow for the shaft to pass 
through. A 1” solid steel shaft was cut to 47.875” and a keyway slot ¼” wide 1/8” deep 
was made at one end using a milling machine.  The shaft then was slid into the holes on 
the top and bottom turbine caps. With each turbine cap in place directly over the other 
one spaced 42.5” apart, the rest of the turbine could be attached into place.  
 
With the angle iron secured and the shaft running through the center of both caps, one 
half of the turbine was set up and tack welded to the base plate. The open areas in 
between the turbine and the remainder of the base plate could now be measured for exact 
dimensions. Strips of 12-gage steel were cut out with an oxyacetylene torch and the filler 
pieces were bent to a 13.9” diameter half circle. These sections were then welded into 
place creating the half turbine design as seen below.  
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Figure 27. Turbine design nearing completion, with caps, shaft and half section in place. 
This process was completed for the other side of the turbine, and the caps were welded to 
the shaft to secure everything into place.  
 
Housing. With the turbine completed, the housing could now be made to fit the exact 
sizing specifications of the turbine.  The mid-section that holds the turbine was the first to 
be cut. Two sections 27.5” x 27.5” and two sections 27.5” x 45.75” were cut using the 
shearing press pictured below. The 45.75” sections were cut 2” more than the necessary 
43.75” to allow for a flange to be bent on one end of both sections to secure the 
removable wall to.  
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Figure 28. Shearing press cutting 12 gage steel housing. 
The two 27.5” square sections required holes drilled in the center to attach the bearings 
and to allow the turbine to pass through. A 1-3/8” hole was drilled through the midpoint 
of both square sections, and four 1.375” holes were drilled around the hole to secure the 
bearing to; the dimensions are detailed in figure 30.  
 
13.75"
1.375"1.375"
1.375"
1.375"1.375" Diameter
.625" Diameter
27.5"
27.5"
 
Figure 29. Dimensions for housing mid-section holes. 
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In addition to the holes for the bearing and the turbine shaft, one of the sections required 
additional bolt holes for removal of the side wall. The wall was designed for six - ½” 
bolts 1” length, spaced along both the top and bottom of the mid-section wall. Three 5/8” 
diameter holes drilled on both the top and bottom, spaced 1” below the edge and 9” apart. 
The holes were drilled with the drill press in shop 7, pictured below.  
 
 
 
Figure 30. Drilling holes at top and bottom of side wall midsection for wall removal. 
 
With the mid-section side walls drilled for turbine shaft and bearing access, the top and 
bottom plates needed to include flanges for securing the non-removable wall to. Each 
45.75” x 27.5” section had three 5/8” holes drilled on one end, matching the dimensions 
of the 5/8” holes on the side wall. This end of the plate was then inserted into the press 
brake, and 2” on the end of each plate were bent to a 90 degree angle. With the top and 
bottom of the mid-section complete and the side walls drilled to the exact specifications, 
the mid- section could then be secured together.  
 
The three non-removable walls were MIG welded together and the removable side wall 
was secured to the housing with bolts. To complete the housing, the narrowing channel 
inlet and the flat outlet of the housing could be completed. The inlet was cut using the 
shearing press to the design specifications shown in figure 20. These four sections were 
clamped together at 90 degree angles and MIG welded along both the outside and inside 
to increase the structural integrity. This narrowing channel was then clamped to the mid-
section and welded into place, completing the inlet of the turbine housing.  
 
The outlet of the turbine housing was designed to be a flat vertical wall 48” x 48” 
attached to the back of the turbine housing. Four sections of 12-gage steel were welded to 
the end of the mid-section, to complete this square. This was accomplished using two 
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strips of 12 gage steel 48” long 3” wide to attach to each side of the mid-section housing, 
and two sections 27.5” wide and 10.25” tall to attach to the top and bottom of the mid-
section housing. These sections were cut out of the remaining sheet metal using the 
shearing press and welded into place, completing the housing main part of the housing.  
 
At this point the turbine could be lifted into place and secured to the bearings. With the 
side wall removed, the turbine was lifted with the hoist in shop 7 and slid into place in the 
bearings. The turbine was secured with enough spacing from the inner side walls to 
prevent rubbing. The bearing set screws were tightened to secure the turbine to the side 
walls, and the removable side wall was re-attached with six bolts. The placement of the 
turbine in the housing is seen below in figure 32.  
 
 
 
Figure 31. Turbine being hoisted into housing. 
 
With the turbine secured into the bearings in the housing, it was necessary to determine 
the weight distribution and ensure that the turbine was properly balanced. It was clear 
through manual rotation that one side of the turbine was slightly heavier than the other 
side. Weights were manually added into the lighter half of the turbine until proper 
balancing occurred. These weights were determined to be approximately 3.5 lb. and were 
then MIG welded to the inside of the lighter side. After the addition of the weights, the 
turbine was properly balanced and spun freely without reacting more on one side than the 
other.  
 
The completed housing could not freely stand on its own, without putting excessive force 
on the inlet and outlet sections. Legs needed to be added to allow the entire unit to be 
free-standing. Four 10.25” sections of 2.5” hollow steel pipe were cut using a band saw, 
and the edges were cleaned using a bead blaster to allow for a deep penetration in the 
weld. Each leg was located 7.25” in both the horizontal and vertical direction from each 
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corner, to provide clearance of 6” from each edge; this was able to provide adequate 
support for the entire housing.  
 
 
Figure 32. Leg location on bottom of housing. 
The legs were then all welded with a MIG welder to the bottom plate of the turbine mid-
section. The turbine housing was then complete; the entire housing with the turbine 
attached to the bearings is pictured below in figure 33.  
 
 
 
Figure 33. Completed turbine housing. 
 
To place the hydroelectric turbine unit into the 4’ flume, it will be lifted in via a reach lift. 
To allow the hoist to get a proper hold on the turbine housing, the addition of a handle 
was required. Due to the asymmetrical build, the center of gravity needs to be determined 
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to prevent any unbalance while being lifted. This was accomplished by checking the mass 
properties of the turbine assembly shown below.   
 
 
 
Figure 34. Mass properties of entire unit showing the location of the center of gravity. 
As seen in the mass properties analysis of the structure, the center of gravity was located 
at 17.08” from the outlet, meaning 3.33” beyond the mid-line of the housing midsection 
(towards the inlet), and also 22.19” from the housing edge, meaning approximately 
11/16” towards the removable wall side of the housing, from the central axis. After 
locating the center of gravity of the turbine and the housing, the handle needed to be 
attached. The handle was provided by workers at the ITRC Water Resources Facility. To 
prevent the entire load being transferred to the housing while being lifted at two small 
points, it was necessary to distribute the load amongst a wider area. An 18” diameter 
circle of 12-gage steel was cut out using an oxyacetylene torch held on a magnetic swivel 
to allow a perfect circular path. This circular plate was MIG welded to the top of the 
housing, with the midpoint of the circular plate on top of the located center of gravity of 
the turbine housing. The handle that was provided was then MIG welded with about a ½” 
throat length to ensure that the handle was secured properly to the housing. The handle 
with the circular plate attached to the housing is seen in figure 35 below.  
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Figure 35. Circular plate with handle welded to the top of the turbine housing. 
 
With the handle added to the entire turbine unit, the housing was completed.  
 
Generator Procedure. As stated in the design procedures for generator selection, a DC 
permanent magnet motor was not feasible for this project. For this reason, an alternator, 
an old DC tractor generator and a single phase AC induction motor were tested for use 
with the turbine. The first option tested was the single phase AC single-phase motor. 
 
The motor was tested while wired in both the low voltage and high voltage setting. This 
was accomplished by changing the wiring to various wiring patterns listed on the 
faceplate of the motor. The positive terminal of the AC motor was connected to the 
positive terminal of a heavy-duty computer fan and the negative terminal of the computer 
fan was connected to the ammeter that was attached back into the AC motor. A voltmeter 
was attached across the terminals of the AC motor to measure voltage, and an ammeter 
was attached in line with the fan and motor to measure current. The rotor shaft of the 
motor was then clamped into the chuck of a drill press and the drill press was operated at 
1640 and 3450 RPM’s to see if any output power was measured. The single phase AC 
motor hooked up to the drill press is seen in figure 36 below.  
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Figure 36. Single-phase AC motor being tested as a generator in a drill press. 
 
During the first run of this test, the fan ran at full speed and the voltage output was 
measured at about 65V. Before measurements could be taken off the ammeter, the motor 
stopped producing any power. Multiple tests were run after this and no power output 
could be recorded. It was suggested that the single-phase induction motor has a startup 
capacitor within it, to provide power to the motor in the case that the motor was not able 
to start up properly. This power output that was read for only a few seconds was more 
than likely the startup capacitor discharging and this single-phase AC motor would not 
work for the purposed of this project.  
 
The reason for this lack of power from the AC induction motor was that the induction 
motor gets its magnetic field from an electrical source and was unable to produce its own 
power unless it was connected to an electrical grid. This was not feasible for this project 
and was not able to be done for the testing. The alternator and the DC tractor generator 
were tested next.  
 
The alternator tested was an old Thermo King alternator rated at 12V 35A, pictured 
below in figure 37. Alternators are generally used in cars to convert mechanical power to 
electrical power. Alternators also need supply power to produce current, so a power 
supply of 12 V 3A was connected to the battery terminal while the rotor was spun using a 
handheld drill. Despite multiple tests and correct wiring, the alternator was unable to 
produce power. Unsure if the rotational speed was too low or the alternator was not 
working, testing continued with the DC tractor generator.  
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Figure 37. Alternator tested for use as a generator for the turbine. 
 
The DC generator tested next was a Delco Remy 12V automotive generator from an old 
tractor, pictured in figure 38 below. The nameplate on the generator was unable to be 
read, but it was assumed to be either a series or a shunt wound DC generator. The series 
and shunt wound generators are supposedly “self-excited”, meaning that they require 
power to operate, but that power can be produced internally.  
 
 
 
 
Figure 38. Delco Remy 12V DC generator being tested. 
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Tests were performed using a hand-held drill attached to the rotor, with a voltmeter 
hooked up to the armature output and ground, and an ammeter hooked up in series to the 
circuit. The rotor was spun at approximately 1200 RPM and zero power output was read. 
It was assumed that the initial assumptions about self-excitation were wrong, and an 
external power source was necessary for the magnetic field to be activated. 12V 3A were 
applied to the field input of the generator for multiple tests and the armature output was 
only reading the power source input to the generator. After the power input was 
disconnected, however, the armature began producing readings. At approximately 1200 
RPM with no power source connected with the magnetic field charged, the voltmeter 
began reading about 0.5V 0.3A. At 1200 RPM, the generator was producing only about 
1/5th of a watt. With the generator rated at 12V, this result was not what was to be 
expected, however, everything was set up correctly and either the generator was faulty, or 
the generator would be unable to produce the necessary power that the hydroelectric unit 
would produce.  
 
With all available options exhausted, without purchasing a permanent magnet DC electric 
motor the turbine would be unable to produce significant power from any other source. 
At this point it was decided that the actual power output of the turbine could not be 
measured without exceeding the constraints, and that the theoretical power output would 
be explored.  
 
Testing Procedure 
 
With all electrical power generation options exhausted without exceeding the cost 
constraints of the project, an alternative method for theoretical power generation needed 
to be explored. To measure theoretical power output of the turbine, all that was required 
was the rotational speed and the torque produced while submerged in a water flow.  
 
To collect data in various flow situations, the total flow rate of the water in the flume 
needed to be controlled. This was accomplished using a variable frequency drive (VFD) 
on the pumping unit. With a VFD, a wide range of flow rates can be sent through the 
flume by controlling the frequency of the power sent to the pumping motor. The VFD 
controlling the pump at the Water Resources Facility would be able to control flow rates 
from 0-30 CFS precisely. 
 
To measure the rotational speed of the turbine, a portable optical tachometer needed to be 
used. The tachometer was a Monarch Pocket Laser Tach 200, pictured below. For this to 
work, a thin strip of metallic tape needed to be wrapped around the end of the shaft, and 
the tachometer unit projects a laser to read the RPM’s of the shaft.  
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Figure 39. Monarch Pocket Laser Tachometer 200. 
In addition to the tachometer as a measurement of rotational speed, a method of manually 
collecting the rotational speed data needed to be taken into account as well. In case the 
tachometer malfunctioned or if the shaft happened to be submerged and the data became 
irregular, the rotational speed of the turbine needed to be taken with a stopwatch while 
counting the revolutions. To accomplish this, yellow markers were placed on one edge of 
the turbine along with a strip of reflective metallic tape, pictured below in figure 40. With 
the turbine spinning submerged in water, this would allow the revolutions to be counted 
easily while the time would be measured with a stopwatch.  
 
 
 
Figure 40. Reflective markers on turbine edge for manually counting rotational speed. 
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To measure the torque of the turbine unit, the most reasonable data to take would be the 
static torque. Static torque is the torque applied to the shaft of the turbine in the full flow 
of the flume while the turbine is stopped. To measure this, a force gauge must be attached 
to a lever arm attached to the shaft. This was accomplished by cutting ¼” x 2” HR steel 
bar stock to 26” total length. A 1-1/32” hole was drilled on one end of the lever arm 2” 
from the bottom and a ½” hole was drilled on the other end of the lever arm 1” from the 
top. To attach the lever arm to the shaft, a keyway needed to be cut into the lever arm. 
This was accomplished by broaching the 1-1/32” hole as seen in figure 41 below. The 
broached hole fit onto the keyed shaft, allowing the lever arm to be completely secured to 
the turbine unit.  
 
 
 
 
Figure 41. Keyway being broached in one end of the lever arm, to be secured onto the 
turbine shaft. 
 
After placement of the turbine in the flume, the force reading of the lever arm was to be 
measured by a 100 lb. force gauge with the option of using a 50 lb. force gauge for higher 
precision.  The force gauge was attached to the ½” hole at the top of the lever arm, and to 
a ½” hole drilled into the top of the turbine-housing outlet. This force reading will be 
multiplied by the 24” length of the lever arm to determine the torque of the turbine. With 
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the rotational speed and the torque of the turbine determined, the theoretical power output 
can be determined in accordance with the following equation.  
 
The power generated by the torque and rotational speed of the shaft is as follows: 
 
  7L7M7NO                                                                                       (6) 
where 
P  Q!R"  ' E 
ω= Rotational Speed (RPM)  
O  88444  S+ ' TUVWX ' 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RESULTS 
 
Testing was completed at the ITRC’s Water Resources Facility on Cal Poly’s campus. 
The hydroelectric turbine unit was placed in the 4’ testing flume by a reach lift. Some 
minor adjustments needed to be made to the outside width of the turbine housing unit to 
allow proper fit into the flume. Although the housing was designed to fit within a 48” 
width, the flume was unexpectedly warped and bowed to a minimum width of 46.75” at 
some points. After grinding the edges down, the turbine was placed into the flume, as 
seen below in figure 42.  
 
 
 
Figure 42. Turbine being lowered into flume via reach lift. 
 
Torque Testing. Testing began at low flow rates with the torque lever arm and force 
gauge in place. The 100 lb. force gauge was initially installed onto the lever arm to 
prevent against exceeding the limit of the smaller 50 lb. force gauge. As the flow was 
increased to around 8.5 CFS, the force gauge was not exceeding much more than 15-20 
lb., so the decision was made to detach the 100 lb. force gauge and replace it with the 50 
lb. force gauge. Although the flume has a maximum flow rate capability of 30 CFS, as 
the VFD approached 60% and the flow rate began exceeding 15 CFS, the housing and the 
flume began audibly reacting to the increased pressure. For this reason and also to avoid 
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spillover, testing was kept below 15 CFS. The results for the torque tests at 8.5 CFS and 
13.7 CFS are seen below in table 2.  
 
 
Table 2. Testing results for torque at low and medium flows. 
 
 
Rotational Speed Testing. With the torque testing complete at low and medium flow 
rates, the flow was cut off and the torque arm and force gauge was removed. With the 
turbine able to spin freely now, the VFD was set back to 55% so that the flow rate would 
return to 8.5 CFS. As the turbine began rotating, the tachometer was aimed at the 
reflective tape on the shaft. With water rushing by underneath the end of the shaft, the 
tachometer began reading speeds of 15 to 2000 RPM. It was assumed that the laser was 
leaving the tachometer and picking up not only the rotating shaft, but the water rushing 
by underneath the shaft as well. At this point it was decided to collect data via manual 
counting of the revolutions while timing with a stopwatch. As the flow increased and 
testing continued, the turbine rotated fast and well balanced. The turbine undergoing the 
medium flow rotational test is seen below in figure 43.  
 
 
 
Figure 43. Turbine undergoing medium flow rotational velocity test. 
 
The rotational speed tests were taken at flow rates of 8.5, 13.1 and 13.7 CFS. The head 
difference during the 13.7 CFS testing was also changed from 5” to 15”. The results for 
the rotational speed are seen below in table 3.  
Test Flow Rate (CFS) Head (in) Force Reading (lb) Torque (ft-lb)
1 8.5 3 15 30
2 13.7 15 36 72
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Table 3. Testing results for rotational velocity at varying head differences and flow rates. 
 
 
The difference in head was measured from the top of the flume down to the water level 
on each side of the turbine-housing unit. This was able to provide an understanding of 
how low of a head drop this turbine was utilizing. The head difference was increased by 
removing stopping boards downstream in the flume. 
 
Power Output. With the testing completed, the theoretical power output of the turbine 
could be measured. The power output was measured at low-flow (8.5 CFS – 3” head 
differential) and medium flow (13.7 CFS, 15” head differential). The power output was 
calculated using equation 6, and the results are detailed below in table 4.  
 
Table 4. Testing results for theoretical power output at low flow and medium flow. 
 
 
It was clear in the data that the power output was highly dependent on the flow rate and 
the head differential through the turbine. Doubling the flow and increasing the head by 
about 12” cause a six-fold increase in power output. 
 
 
 
 
 
 
Test Flow Rate (CFS) Head (in) Time (sec/50 Revs) ω (RPM)
1 8.5 3 123 24.4
2 13.1 5 88 34.1
3 13.7 5 68 44.1
4 13.7 15 48 62.5
Test Flow Rate (CFS) Head (in) Torque (ft-lb) ω (RPM) Power (HP) Power (W)
Low Flow 8.5 3 30 24.4 0.14 104
Medium Flow 13.7 15 72 62.5 0.86 639
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DISCUSSION 
 
Design 
 
Through initial concepts and the evolution of the design into the twisted Savonius type 
turbine, there were no issues with creating the model. However, performing 
computational fluid dynamic (CFD) and finite element analysis (FEA) computations on 
the model encountered some difficulties. With the irregularity of the twisted Savonius 
shape and the uncertainty of how the turbine will precisely interact with the varying fluid 
pressures in the flume, the FEA analyses were quite difficult to get reasonable values for 
stress concentration in the design. The blades of the turbine were modeled with the 
hydrostatic pressure and approximate velocity head, but to account for uncertainty, these 
values were increased significantly to assure proper design. 
 
CFD analyses also encountered some problems while performing calculations on the 
model. In the Flow Simulation feature in Solidworks, the turbine itself could be analyzed 
by creating a cylinder of water to rotate around it, rather than the turbine rotating in water 
itself. This presented difficulty in defining the rotational velocity of the turbine, before 
the rotational velocity was known. The only way to truly estimate the rotational speed at 
varying fluid velocities was to model the tip of the turbine traveling at the water velocity, 
which allows the rotational speed to be calculated as a function of the turbine width. This 
worked in theory, but the actual speed of the turbine would be much slower in practice 
due to resisting forces on the outer turbine surfaces.  
 
In addition to the difficulty in modeling the rotation of the turbine in water, measuring the 
torque during rotation encountered problems as well. While running a simulation on the 
turbine, the turbine was separated into many individual components and the torque was 
calculated on the turbine in the rotating water cylinder. This was performed for one to 
two hundred iterations and the results were compiled after approximately 30 minutes of 
calculation. In some cases, the results were reasonable and encountered no difficulties, in 
other cases with the ratio or overlap percentage varied, the simulation started providing 
negative pressures up to one million PSI and the results were not reasonable in any way. 
This may have been a result of the lack of computer processing power required to do 
these calculations and in any case the CFD analyses for optimization of the design 
remained quite difficult to achieve accurate data.  
 
Construction  
 
Construction of the housing of the turbine ran into no difficulties and stayed on schedule. 
Construction of the turbine however, took much longer than was planned for and 
encountered many unexpected obstacles. The twisted design flattened out into three 
sections per side of the turbine initially seemed feasible to accomplish. Creating these 
twists into perfectly even sections level at the top and bottom meeting a specific radius of 
curvature was very difficult to do on a roller press alone. Without any method of bending 
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the material to a constant dimension each time, the sections took much longer than 
anticipated. A hammer and anvil had to be used often to attempt to achieve the perfect 
twist and this process was both imperfect and time consuming.  
 
Not only were the sections difficult to bend to fit to one another and achieve the perfect 
twist, but the CAD modeling in Solidworks also made it seem that these three sections 
bent to the proper radius of curvature would form into the completed spiral seen in the 
initial twisted Savonius design. As mentioned in the revised design, completing the twist 
not only required bending of the 12-gage sheet metal, but also thinning and stretching the 
material. This was unable to be done with the equipment in the BRAE shops, so material 
had to be added to complete the twist, causing the entire turbine to exceed the designed 
length by about 6”.  
 
Implementation 
 
The setup for testing of the turbine worked well to collect data for theoretical power 
output, in the field however, a setup like this would not be reasonable. Most canals and 
irrigation waterways are much wider and deeper than 4’ x 4’ and placement of a 
hydroelectric turbine setup in them could cause problems for any individual utilizing the 
water downstream. Allowing a head differential of one to two feet across the turbine in a 
canal may not be able to provide enough head in a canal setup where check structures 
precisely control the flow downstream. 
 
In addition to head requirements throughout a canal, other factors may arise that would 
be problematic to proper operation of the turbine. Algae buildup, trash, plant matter, logs 
and fish are just some of the foreign material found in canals that may impede the 
turbine’s operation. Also, when placed directly in a canal, the flow rate allowed through 
the turbine is not constant, and may be subject to a wide variety of conditions.  
 
For these reasons, an alternative method of utilizing the canals water for hydroelectric 
power generation is necessary in such a way that the canal itself is not impacted with any 
additional head drops. As seen in figure 44 below, creating a canal offshoot across a 
check structure would work well to control these problematic factors and allow the 
turbine to operate at the maximum potential.   
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200 CFS
30 CFS
Check Structure
w/ 1' to 2' Head drop
Low Head Hydroelectric Turbine
4' x 4' Offshoot Flume Canal
Trash Rack
 
 
Figure 44. Turbine implementation in offshoot of canal. 
 
Implementation of the turbine in an offshoot of a canal requires the construction of a 4’ x 
4’ flume bypassing a check structure and a trash rack with a sluice gate to control inlet 
flow. With the turbine installed in a 4’ x 4’ offshoot flume from the canal, the width of 
the canal itself does not factor into the sizing of the turbine. Additionally, in this setup the 
turbine would be generating power from a pre-existing head drop in the canal across a 
check structure, rather than causing its own head drop by impeding the existing flow of 
the canal. The trash rack would prevent any foreign material from effecting the operation 
of the turbine and would only need to be cleaned periodically by the owner to allow for 
consistent flows. Also, a sluice gate at the inlet of the canal offshoot could control how 
much water flow goes to the turbine from the canal, allowing a constant rate based on the 
power generation requirements. The sluice gate would also allow ease of maintenance 
and would not impede the canals operation, as the total flow rate in the canal would 
remain constant.  
 
The placement of this canal offshoot beside the canal was also taken into consideration 
for proper implementation of the low head hydroelectric turbine unit. Most canals have 
roads on either side of the waterway, for the canal tenders and owners to take 
measurements or operate their control gates. This limitation needed to be addressed for 
this type of installation to be successful. One such method comes from the fact that the 
entire offshoot with the turbine has the potential of being enclosed. With the offshoot and 
turbine underground, the access road on one side of the canal will be free to drive upon. 
The problem that arises with this method is that it will increase the difficulty of 
maintenance with an underground installation, which may not be an option depending on 
the site of installation. Another point to be made is that most canal tenders and operators 
only have access roads on one side of the canal, which may leave the opposite side of the 
canal available to an open channel to be installed for the hydroelectric device. If the site 
of installation allows for an area of land to be used on one side of the canal, this method 
would be the best option to choose.  
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Analysis of Results  
 
Feasibility. In a 4’ x 4’ flume about 75% full of water, a flow rate of 13.7 CFS translates 
to a water velocity of approximately 1.1 fps. With a velocity slower than the average 
canal in the state of California and a very low head differential, 639W of power is quite 
high. In 2011 alone a typical American home in the state with the lowest average power 
use consumed approximately 700W of power, while the average home in the state with 
the highest power use consumed 1800W of power (EIA, 2011).  This data shows that this 
medium scale prototype low head hydroelectric turbine alone could supply anywhere 
from 35-90% of the power to the average residence in America. Providing slightly less 
than 1 HP, however, a low-head hydroelectric turbine at this small of a scale would not 
provide much benefit to the costs of a pumping plant or a farming pump, which typically 
can require hundreds of HP to pump water from the ground and distribute it over a large 
farm.  
 
Accuracy. The testing procedures and methods of data collection were accurate; 
however, the data may not be a true representation of performance in the field. The 
torque lever arm was positioned in a way such that the water would be hitting upper and 
lower “bucket” of the turbine completely perpendicular, resulting in the largest torque 
readings. With the irregularity of the shape and the problems encountered during the 
twisting of the turbine, at certain intervals of rotation the water would be hitting far less 
surface area than at others. With the turbine positioned for maximum torque, the actual 
average torque values would be slightly less than what was measured.  
  
The power output of the turbine that was measured would also be slightly higher than the 
true power output values in the field. With the proper DC generator selected, there would 
be a power drop due to a slight inefficiency in the motor. In addition to a power loss in 
the generator, to connect this to the electrical grid in a residential or commercial setting, 
the power would need to pass through an inverter to produce AC power from DC power. 
This inverter also may have a slight power drop, meaning that the theoretical power 
values measured from the turbine would not be a true representation of the total power 
output in an actual setting.  
 
Economic Analysis 
 
To consider the feasibility of the utilization of this low-head hydroelectric turbine for 
residential or commercial purposes, an economic analysis on the rate of return was 
performed. To analyze the annual return from electrical power generation from this unit, 
a baseline energy price was used of $0.13668 (PGE, 2013). The lifetime assumption for 
the rate of return calculation was 10 years, to provide a more realistic value. The results 
from the economic analysis are given below in table 5.  
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Table 5. Economic Analysis on turbine electricity production. 
 
 
With a rate of return of only 5% for low flow situations, the turbine is not that feasible for 
a residential or commercial setup. In medium flow situations, which are slightly more 
realistic for any canal or waterway, the rate of return is 79%. With typical investment 
rates ranging from 10-30%, a rate of return of 79% is highly profitable for an individual 
or business to invest in.  
 
 
 
Flow Type Power Output (W) Energy Output per Month (kWh)
Energy Output per 
Year (kWh)
Annual Energy 
Return ($) 1 ROR (%)
 2
Low Flow 104 75 911 120 5%
Medium Flow 639 460 5599 741 79%
1/ Annual Energy Return based on PG&E Tier 1 Energy rate = $0.1323/kWh
2/ ROR based on 10 year life with present value expenditures = $940 (Cost of materials/DC Perm. Mag. Generator)
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RECOMMENDATIONS 
 
Design 
 
The turbine and housing model encountered no difficulties during the design. The 
computational fluid dynamic analysis of the turbine itself however, could have been 
improved with the use of alternative software. As stated in the design discussion section, 
Solidworks Flow Simulation had difficulty performing CFD analyses on the turbine with 
various sizing iterations. This may have been due to the computer processing speed, but it 
was more than likely a result of the programming analyzing flow simulations that it may 
not be intended for. Flow Simulation is an excellent program for modeling pressures, 
velocities and trajectories of a wide variety of fluids through a designed part, but when it 
comes to modeling forces and stress on the part, it tended to fail often.  
 
To correct this issue with the design analysis and to provide more realistic data in regards 
to torques and rpms of the turbine in a specific flow, a better program that could be used 
is ANSYS Fluent CFD. The ANSYS Fluent CFD software is typically used in designing 
turbines, airfoils, and engines and takes special consideration into the materials and how 
they are interacting with the fluid flow (ANSYS, 2013). This was not used in this project 
due to its unavailability with the resources that were provided, but in future analysis of 
low head hydroelectric turbines, this would be a better program to use.  
Construction 
 
Throughout the process of construction of the hydroelectric turbine unit, the turbine itself 
provided many difficulties with shaping the material.  There exist a variety of various 
methods for creating the designed twist of the Savonius turbine that would not exceed the 
required length. One such method would be by die-casting the turbine. Die casting is the 
process of creating a complex geometric shape out of metal by pouring molten metal into 
a die, custom machined into the shape required. This process would produce a perfect 
turbine, but would be very costly to make. Casting the turbine would be a useful method 
to create a turbine that would provide very useful data for comparing the twisted 
Savonius shape, to other shapes, but may not be feasible for mass production due to the 
cost.  
 
Another method to achieve the twist of the Savonius turbine without exceeding the 
required length would be by the use of alternative sheet metal machinery. A stretch-
forming machine is a device that grips the sheet metal and is able to stretch it and bend it 
into a variety of shapes. This design might require a custom sheet metal stretch-forming 
machine to achieve the twist, but it would be significantly cheaper than casting and be 
able to make large quantities of identical twisted Savonius turbines to exact 
specifications.  
 
To use the same method of constructing the twisted Savonius shape that was used during 
the course of construction in this project, it is recommended to design for the increase of 
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length by the filler material. To design the turbine such that with the addition of the filler 
material that would be required the entire length would not exceed 36”; the shape could 
be built to exact specifications. This also would have allowed the housing to be built 
symmetrically as planned, as the excess material that was required for the increase in 
length of the turbine caused the outlet of the housing to be redesigned.  
Testing 
 
Although testing was completed according to plan and results were taken successfully, a 
few modifications could have been made to provide more accurate and more thorough 
data. To provide more accurate data for this low-head hydroelectric turbine design, 
testing could have been taken at a wider range of flow rates and velocities, including flow 
rates up to 30-50 CFS. This data would have truly showed the exponential relationship 
between velocity and power output, and would have provided more information 
regarding the use of this turbine in the field. This testing may have had to be done in a 
different flume, as the flume operators at the Water Resources Facility did not feel 
comfortable pushing the pump to maximum flow capacity of 30 CFS. Future testing 
should include multiple iterations of varying flow rates and head drops.  
 
In addition to providing a wider range of the results, the data may have been able to be 
more accurate had there been less turbulence at the inlet and outlet of the turbine. The 
turbulence was a direct result of having to build a very short narrowing channel at the 
inlet and having no expansion channel at the outlet. It would be recommended that the 
housing for this structure be built with increased narrowing channels to allow the flow to 
increase in velocity gradually rather than as abrupt as it did. Testing data would be 
optimal in a laminar flow situation, which could only be achieved by a gradual narrowing 
of the fluids cross sectional area, which could only be accomplished by increasing the 
length of the cross sectional area reduction.  
 
As stated in the discussion section regarding the accuracy of the data, testing could have 
been improved slightly by the addition of a proper direct current generator. The testing 
performed by measuring the torque and rotational speed of the turbine in varying flows 
was a slightly increased theoretical approximation of the turbine’s output. The true output 
of the turbine could only be measured while the properly sized brushless permanent 
magnet direct current generator, which would account for a voltage drop across the 
generator and give slightly lowered but more realistic data for testing.  
Further Research 
 
For continued research on this project, a variety of new construction and testing methods 
could be explored. In addition to implementing the additional testing methods discussed 
above in the testing recommendations section of the report, additional tests could be 
made to analyze the feasibility of connecting the hydroelectric turbine unit to the actual 
power grid. This would require extensive research and testing and would result in the 
power being produced from the DC generator being converted to AC power via the use of 
an inverter, then controlling the outlet AC power to match the phase and frequency of the 
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AC power of the general electrical grid. This would be an extensive project that would 
allow the turbine to begin generating electricity to be sold back to the power grid as a 
model for the university or for use in a residential or commercial setting.  
 
Additional continued research for this device would be to set up the hydroelectric turbine 
unit at the Water Resources Facility as a permanent demonstration for the university. This 
would be accomplished by permanent placement in the testing flume, or by the addition 
of an offshoot pipeline or flume as described in figure 43 in the discussion section. 
Testing can be done on the feasibility of connecting a pipeline to the housing for 
underground burial or allowing an open channel offshoot to connect to the turbine for 
constant testing of flow and head loss variations in the canal. This research could be done 
for the university and allow for the option of testing a variety of turbine types due to the 
ease of access inside the turbine housing.  
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APPENDIX B 
FLOW SIMULATION RESULTS FOR TURBINE ANALYSIS 
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FULL REPORT 
System Info 
Product Flow Simulation 2010 0.0. Build: 1063 
Computer name SEANELLENSODC21 
User name Administrator 
Processors Intel(R) Core(TM) i7-2620M CPU @ 2.70GHz 
Memory 1023 MB / 2047 MB 
Operating system Professional  (Build 7600) 
CAD version SolidWorks 2010  
CPU speed 2700 MHz 
 
General Info 
Model \\psf\ 
Project name .7 (2) 
Project path \\psf\Home\Dropbox\Senior Project\Senior 
Project\Savonius Turbine\49 
Units system IPS (in-lb-s) 
Analysis type External (not exclude internal spaces) 
Exclude cavities without flow conditions  Off 
Coordinate system Global coordinate system 
Reference axis Y 
 
INPUT DATA 
Initial Mesh Settings 
Automatic initial mesh: On 
Result resolution level: 3 
Advanced narrow channel refinement: Off 
Refinement in solid region: Off 
Geometry Resolution 
Evaluation of minimum gap size: Automatic 
Evaluation of minimum wall thickness: Automatic 
Computational Domain 
Size 
X min -102.626136 in 
X max 102.626136 in 
Y min -89.5039488 in 
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Y max 125.504106 in 
Z min -102.626136 in 
Z max 102.626136 in 
 
Boundary Conditions 
2D plane flow None 
At X min Default 
At X max Default 
At Y min Default 
At Y max Default 
At Z min Default 
At Z max Default 
 
Physical Features 
Heat conduction in solids: Off 
Time dependent: Off 
Gravitational effects: Off 
Flow type: Laminar and turbulent 
Cavitation: Off 
High Mach number flow: Off 
Default roughness: 0 microinch 
Default wall conditions: Adiabatic wall 
Ambient Conditions 
Thermodynamic parameters Static Pressure: 14.6959473 lbf/in^2 
Temperature: 68.09 °F 
Velocity parameters Velocity vector 
Velocity in X direction: 0 in/s 
Velocity in Y direction: 0 in/s 
Velocity in Z direction: 0 in/s 
Turbulence parameters Turbulence intensity and length 
Intensity: 0.1 % 
Length: 0.26244453 in 
 
Material Settings 
Fluids 
Water 
Rotating regions 
Rotating Region 1 
Angular velocity 11 rad/s 
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Concentrations  
Component Boss-Extrude5 
 
Goals 
Surface Goals 
SG Y - Component of Torque 1 
Type Surface Goal 
Goal type Y - Component of Torque 
Faces Face<1> 
Face<2> 
Coordinate system Global coordinate system 
Use in convergence  On 
 
Component Control Info 
Disabled components: Boss-Extrude5 
Calculation Control Options  
Finish Conditions 
Finish conditions If one is satisfied 
Maximum travels 4 
Goals convergence Analysis interval: 0.5 
 
Solver Refinement 
Refinement: Disabled 
Results Saving 
Save before refinement On 
 
Advanced Control Options 
Flow Freezing 
Flow freezing strategy Disabled 
 
RESULTS 
General Info 
Iterations: 110 
CPU time: 278 s 
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Log 
Mesh generation started 19:12:05 , March 20 
Mesh generation normally finished 19:12:39 , March 20 
Preparing data for calculation 19:12:44 , March 20 
Calculation started 0 19:12:51 , March 20 
Calculation has converged since the following 
criteria are satisfied: 109 
19:17:54 , March20 
    Goals are converged 109  
Calculation finished 110 19:18:07 , March 20 
 
Calculation Mesh 
Basic Mesh Dimensions 
Number of cells in X 32 
Number of cells in Y 32 
Number of cells in Z 32 
 
Number Of Cells 
Total cells 34063 
Fluid cells 33271 
Solid cells 0 
Partial cells 792 
Irregular cells 0 
Trimmed cells 80 
 
Maximum refinement level: 1 
Goals 
Name Unit Value Progress Use in 
convergenc
e  
Delta Criteria 
SG Y - 
Component 
of Torque 1 
lbf*in 18292.9 100 On 57206.8734 61145.2912 
 
Min/Max Table 
Name Minimum Maximum 
Pressure [lbf/in^2] -144.051 172.496 
Temperature [°F] 67.2027 98.5597 
Velocity [in/s] 0 4851.35 
X – Component of Velocity -4836.95 4836.92 
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[in/s] 
Y – Component of Velocity 
[in/s] 
-1427.44 918.602 
Z – Component of Velocity 
[in/s] 
-3598.44 4719.47 
Fluid Temperature [°F] 67.2027 98.5597 
Shear Stress [lbf/in^2] 0 41.15 
Velocity RRF [in/s] 0 4851.35 
X – Component of Velocity 
RRF [in/s] 
-4836.95 4836.92 
Y – Component of Velocity 
RRF [in/s] 
-1427.44 918.602 
Z – Component of Velocity 
RRF [in/s] 
-3598.44 4719.47 
Heat Transfer Coefficient 
[lbf/s/in/°F] 
0 0 
Surface Heat Flux 
[lbf*in/(in^2*s)] 
0 0 
Density [lb/in^3] 0.0356146 0.0360436 
 
 
  65 
 
 
 
  
  66 
 
 
  
  67 
 
 
  68 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  69 
 
 
APPENDIX C 
3D RENDERING OF TURBINE ASSEMBLY 
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APPENDIX D 
IMPLEMENTATION OF TURBINE IN CANAL OFFSHOOT 
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